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1 Background

The vestibular system of the inner ear acts as a six degree
of freedom (DOF) motion sensor of head rotational velocity
and gravitoinertial acceleration (GIA), the latter being the
sum of acceleration due to gravity and linear/translational
head movement. There are two classes of sensors in the ear:
three mutually orthogonal rotation sensors (semicircular
canals, SCCs) and two GIA sensors (utricle and saccule,
collectively called the otolith end organs). Each of the inner
ear’s 5 inertial sensors encodes motion using pulse frequency
modulation (PFM) of the afferent neuron firing rates above
and below naturally nonzero spontaneous activity rates [1].

Sensation of head motion drives ocular, postural and
autonomic reflexes that help maintain steady vision, stable
gait and balance. Individuals with profound loss of vestibular
sensation, termed bilateral vestibular deficiency (BVD), suffer
reduced quality of life due to poor visual acuity during head
movement, illusory motion of visible objects during head
movements, postural instability and chronic disequilibrium.
There is no adequate treatment for chronic BVD unresponsive
to rehabilitation [1]. This is in marked contrast to the case of
deafness, for which cochlear implants (CI) are remarkably
successful at restoring at least a partial sense of hearing.

Inspired by the success of Cls, multiple groups are
working toward development of vestibular prostheses
designed to sense head motion and electrically stimulate
branches of the vestibular nerve ([2] for review). Research
toward a vestibular prosthesis has focused on stimulation of
the SCCs [3-6]; however, to more completely restore
vestibular reflexes, stimulation of the otolith end organs is
essential. Extending the existing Johns Hopkins multichannel
vestibular prosthesis (MVP) to stimulate the otolith end
organs poses several engineering and physiologic/anatomic
challenges. The existing MVP architecture (black in Fig. 1)
relies on an off-the-shelf commercial 3DOF gyroscope for
sensation of head velocities and uses a microcontroller to
convert sensed signals into a PFM train of charge-balanced,
biphasic pulses based on a programmable velocity-to-pulse
rate map. Stimulus pulse frequency is typically set near the
spontaneous firing rate of vestibular afferent neurons and
modulates to encode head movement [4]. To encode changes
in GIA, additional components are required (red in Fig. 1).

Recent development of an application specific integrated

circuit (ASIC) [7] increased the number of electrode outputs.
The work presented here aimed (1) to design and fabricate
electrode arrays suited to otolith end organs and (2) to expand
the capabilities of the MVP to encode GIA accelerations.
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Figure 1. Johns Hopkins Vestibular NeuroEngineering Lab
Multichannel Vestibular Prosthesis (MVP) architecture. Black boxes
indicate the pre-existing framework of the MVP [4]. Red indicates
what must be added to restore utricle/saccule function.

2 Methods

We designed electrode arrays for stimulation of chinchilla
utricle and saccule based on a 3D anatomic model derived
from reconstructed chinchilla micro-CT scans (Fig. 2A) [8].

Thin-film polyimide electrodes were micro-fabricated
with multiple layers of trace metal insulated with interleaved
layers of polyimide. To maximize the number of electrode
contacts, electrode size was kept to the minimal that remained
within safe charge injection limits. The 101 pum diameter
electrode contacts (Fig. 2B) were designed using
electrochemically activated iridium oxide film (AIROF),
offering significant increase in safe charge injection at the
electrode/saline interface (max 1200 pC/cm?) compared to
equal area bare platinum electrodes (max 24 uC/cm?) [9].

Electrodes were tested in 0.9% NaCl saline using 50 nA-1
mA, 25-100 ps/phase biphasic, charge-balanced, cathodic-
first current pulses.

In the new MVP system incorporating GIA sensation, a
motion processing unit (Invensense MPU9250) senses angular
velocities and linear acceleration. The new firmware maps
velocity-to-pulse rates [4] and also includes a mapping for
acceleration-to-pulse rate [10]. To test this mapping, the
motion sensor was mounted onto a Moog 6DOF2000E motion
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Figure 2. A. 3D reconstruction of chinchilla vestibular labyrinth [8].
Blue: fluid spaces of the inner ear; yellow: nerve and neurosensory
epithelia, which are the targets for prosthetic stimulation. B. The
electrode designs based on the geometry of the otolith end organs
(outlines from [11]). Green: edge of the electrode array.




platform. The prosthesis was programmed for velocity-to-
pulse rate on one “SCC-intended” electrode and acceleration-
to-pulse rate on one “otolith-intended” electrode. The motion
platform delivered lateral (left-right) sinusoidal accelerations
at 2 Hz, 2 m/s? peak acceleration, followed by a 2 Hz, 20°/s
peak velocity, and finally a combination of rotation and
translation. Instantaneous velocity, acceleration, and pulse
rates on both electrodes were recorded for analysis.

3 Results

Micromachining polyimide electrode arrays yields a large
number of electrodes while maintaining small size, flexibility,
and precisely defined geometry. The electrode array shown in
Fig. 3A comprises 50 AIROF electrode contacts: 13 for
utricle, 13 for saccule, and 8 for each of 3 SCCs. The 50
AIROF electrodes from one representative array have an
average impedance of 5.75+0.84 kOhms at 1.194 kHz. While
maintaining AIROF safe charge injection (1200 uC/cm?),
current pulses up to 960 pA at 100 ps/phase can be delivered
with a compliance voltage under 11 V. Example voltage
waveforms recorded during 50 ps/phase current pulses are
shown in Figure 3B.

The updates to the MVP architecture successfully encode
acceleration to PFM pulse trains, shown in Figure 4. During
translational movement, the rate modulated appropriately
above and below a baseline of 100 pulses per second. During
combined translational and rotational movement, both outputs
modulated appropriately without evidence of cross-coupling.
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Figure 3. A. Polyimide electrode arrays. (a) shank intended for

horizontal SCC and saccule; (b) shank for superior SCC and utricle;

(c) shank for posterior canal. B. Voltage recordings during biphasic

current driven stimulation using the new electrode arrays.

4 Interpretation

Based on the measured impedances of the new electrode
arrays and the use of the MVP stimulation circuitry described
in [7], with the compliance voltage at 12 V we can drive the
new electrodes with charge-balanced, biphasic pulses up to 1
mA/phase of current. In previous work, this current range
was sufficient for vestibular stimulation [4]. The increased
number of electrodes and organized layout of the electrode
contacts in the array provides greater control and increased
capabilities for the stimulation paradigm, creating the ability
to stimulate across the utricular/saccular surfaces.

With the results from the additions to the MVP
architecture, we will be able to drive the PFM stimulation for
the utricle and saccule to encode GIA. The addition of the
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Figure 4. Instantaneous pulse frequency modulated (PFM) electrode
output (red) and motion sensor signals (blue) during A. yaw rotation,
B. lateral translation, C. simultaneous yaw and lateral movements.

necessary hardware and firmware provides a means to sense
and encode linear accelerations and changes in head
orientation with respect to gravity. The MVP system is
capable of delivering stimulation via any of the 50 electrode
contacts that the new electrode arrays offer. With these
improvements to the design of the MVP system, we begin to
move toward restoration of GIA sensation.

Supported by NIDCD (R01DC009255). Polyimide microelectrode
arrays were designed and fabricated with funding from NIDCD
contract Y1-DC-8002-01 and under the auspices of the U.S.
Department of Energy by the Lawrence Livermore National
Laboratory, Contract number DE-AC52-07NA27344.
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